Abstract. Microwave technology has been widely used in numerous applications; however, excessive microwave exposure causes adverse effects, particularly in the brain. The present study aimed to evaluate the change in the number of neural cells and presence of apoptotic cells in rats for one month after exposure to excessive microwave radiation. The rats were exposed to 3.0 kW of microwaves for 0.1 sec and were sacrificed after 24 h (n=3), or 3 (n=3), 7 (n=3), 14 (n=3) or 28 days (n=4) of exposure. The neural cells were counted in the motor cortex and hippocampus [cornu ammonis 1 (CA1) and CA2] and the percentage of positive cells stained with terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) were also measured, which detected apoptotic cell death in the choroid plexus in the lateral ventricle, motor cortex and hippocampus. In the CA1, the number of neural cells decreased significantly by day 28 compared with that in the control (60.7 vs. 50.6, P=0.0358), but did not decrease before day 28. There were no significant differences on any day in the CA2 and the motor cortex. The number of cells showed a significant increase on day 7 compared to the control in the choroid plexus (2.1±1.1 vs. 21.8±19.1%, P=0.0318). There were no significant differences from the controls in the percentage of TUNEL-positive cells in the motor cortex and hippocampus. The effects of microwave exposure on the brain remain unclear; however, microwave-induced neurotrauma shows the same pathological changes as blast traumatic brain injury.
Introduction
Microwave technology has been widely used in numerous applications, such as food sterilization, mobile communication and heat therapy in medicine (1) . Microwaves cause heating within a material by exciting molecules to rotate. This rotation produces energy in the form of heat. However, microwaves have a harmful influence on the body.
Cataracts and testis disorders are well-known as adverse effects of microwave (2) (3) (4) (5) ; additionally, microwaves can penetrate the cranium and reach the deep brain. Certain studies have shown that microwaves in the frequency range between 800 and 1,000 MHz can penetrate the cranium and that <40% of these can reach the deep brain (6, 7) where they may penetrate <4-5 cm into the brain (8, 9) .
Numerous studies have investigated the pathological, biochemical and behavioral changes of the central nervous system resulting from microwave exposure from mobile phones (10) (11) (12) (13) (14) . The adverse effects of microwave exposure from the Global System for Mobile Communication were studied in an animal model, using 900-MHz radiation at an intensity (such as 0.9 W/kg) and time similar to those of mobile phone emissions (15) . These studies focused on chronic changes.
Excessive microwave exposure has been reported to cause trauma and fatal accidents in the early 1970s (16) and change blood-brain barrier permeability (17, 18) . The higher the microwave output, the larger the blood-brain barrier permeability (19) . Although certain studies reported that these changes were caused by high temperature, blood-brain barrier permeability was reported to change in the absence of elevated temperature (20, 21) . Pathological changes of neural cells induced by microwave exposure have not been well-characterized.
The present study aimed to evaluate the change in the number of neural cells and presence of apoptotic cells in rats for one month following exposure to excessive microwave radiation.
Materials and methods
Animal model of microwave exposure. A microwave applicator was used to expose rat brains to microwaves to inactivate all enzymes in the brain (Model MMW-05, Muromachi microwave fixation system; Muromachi Kikai Co., Ltd., Tokyo, Japan) (Fig. 1) . In animals weighing 300 g, a microwave frequency of 2.45 GHz increased brain temperature to 75-90˚C at 5.0 kW for 1.40 sec. Microwave output was set between 2 and 5 kW in 0.01-kW increments and exposure time was set between 0.10 and 2.99 sec in 0.01-sec increments.
First, to determine the appropriate microwave radiation intensity, 61 male Sprague-Dawley rats (350-400 g; Charles River Laboratories Japan, Inc., Kanagawa, Japan) were used.
The microwave output resulting in 50% mortality was determined in preliminary experiments and microwaves at 3.0 kW for 0.10 sec were used. A total of 31 male Sprague-Dawley rats were used for the following study. The head was positioned prone, fixed on a rat holder and exposed to 3.0 kW of microwave radiation for 0.1 sec under anesthesia (360 mg/kg of chloral hydrate, intraperitoneal injection).
Animals were sacrificed after 24 h (n=3), or 3 (n=3), 7 (n=3), 14 (n=3) or 28 days (n=4) of exposure. Animals without microwave exposure were used as controls (n=3). The rats were perfused for fixation with 10% buffered formalin under anesthesia (360 mg/kg of chloral hydrate, intraperitoneal injection) and their brains were removed and fixed overnight.
All the protocols that involved the use of animals were approved by the Animal Use Committee of Nippon Medical School (approval no. 24-106).
Histological analysis. Fixed brains were cut into 2-mm coronal sections with a brain slicer (Muromachi Kikai Co., Ltd.) and embedded in paraffin using a routine procedure with a vacuum rotary. The paraffin-embedded sections (3-µm) were subjected to hematoxylin and eosin (H&E) staining and the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay. Although various methods to evaluate brain injury have been reported, we chose to ascertain the extent of neural injury by assessing apoptosis and number of surviving cerebral neurons.
The neural cells were counted in the motor cortex and hippocampus [cornu ammonis 1 (CA1) and CA2]. The percentage of positive cells stained with TUNEL (ApopTag ® Peroxidase In Situ Apoptosis Detection kit; Chemicon, EMD Millipore, Billerica, MA, USA) was measured, which detected apoptosis cell death in the choroid plexus in the lateral ventricle, motor cortex and hippocampus (CA1 and CA2). The number of cells differed between sections in the choroid plexus of the lateral ventricle, so the cells were not counted in the choroid plexus. Cells were counted by two investigators and the average was used for analysis.
Statistical analysis. Unless otherwise stated, values are presented as mean ± standard deviation. Data were analyzed by the Student's t-test. Statistical analyses were performed with StatFlex version. 6.0 (Artech Co., Ltd., Osaka, Japan). P<0.05 was considered to indicate a statistically significant difference.
Results
Survival rate. Preliminary experiments revealed that 3.2 kW of microwave radiation for 0.1 sec caused cerebral injury of the cortex after 24 h of exposure (Fig. 2) .
When the radiation intensity was reduced to 3.0 kW, 6 of the 31 rats (19.4%) died within 24 h of microwave exposure and in total, 15 rats (48.4%) died by day 28. Rats were exposed to microwave radiation under these conditions and were examined histologically.
Body weight changes. Body weight prior to microwave exposure was 384±11 g. The body weight significantly decreased to 363±14 g (P=0.007) on day 1 after microwave exposure and 342±2 g (P<0.001) on day 3, but significantly increased to 402±10 g (P=0.0151) by day 14. Four rats survived on day 28, but the body weights of 3 had a deficit and the other weighed 455 g. The body weight increased on day 28 after microwave exposure, but was not statistically significant (Fig. 3) .
Pathological changes. H&E staining showed no cerebral contusion or cerebral edema after exposure to 3.0 kW.
In the CA1, the number of neural cells decreased significantly by day 28 compared with the control (60.7 vs. 50.6, P=0.0358), but did not decrease by day 28. In the CA2 and Figure 1 . A microwave applicatior. This was used to expose the rat brains to microwaves to inactivate all the enzymes in the brain. The head was positioned prone, fixed on a rat holder in a microwave applicatior and exposed to microwaves. motor cortex, the number of neural cells did not differ significantly from that in the control (Fig. 4) .
In the choroid plexus of the lateral ventricle, the percentage of TUNEL-positive cells was 2.1±1.1% in the control group, 4.2±3.7% (P=0.2191) on day 1, 9.2±7.9% (P=0.0547) on day 3 and 21.8±19.1% (P= 0.0318) on day 7. There was a significant increase on day 7 compared with the control. However, the percentage of TUNEL-positive cells was 3.4±3.3% (P=0.3928) on day 14 and 5.1±3.4% (P=0.0596) on day 28. There were no significant differences from controls in the percentage of TUNEL-positive cells in the motor cortex and hippocampus (Fig. 5) .
Discussion
The present study revealed that neural cells decreased in the CA1 on day 28 and that the percentage of apoptotic cells increased in the choroid plexus of the lateral ventricle on day 7 after microwave exposure of 3.0 kW.
Animal models of traumatic brain injury have included fluid percussion injury (22) , controlled cortical impact injury (23, 24) and weight-drop impact acceleration injury (25) . Microwave exposure of 3.2 kW caused cerebral contusion in the cortex. Although this level of microwave exposure showed no effect on the body surface, cranium, brain surface or cortex, it caused changes deep in the brain. The microwave-induced neurotrauma model appears to be different from other models of traumatic brain injury.
In CA1, the proportion of the apoptotic cells did not increase on any day. Although the neural cells did not decrease until day 14, they decreased significantly by day 28. The central nervous system, particularly the hippocampus, is sensitive to microwave radiation. Previous studies have shown that microwave radiation damaged the hippocampal structure of rats, impaired long-term potentization, reduced neurotransmitter concentration, reduced synaptic vesicles and resulted in memory impairment (26) (27) (28) (29) (30) . The present study also showed that the neural cells decreased in the hippocampus only, particularly in CA1.
The proportion of apoptotic cells increased by day 7 in the choroid plexus of lateral ventricles for unknown reasons. There was the potential to increase the temperature of the ventricles by microwave excitation of water molecules.
Blast injury is known to cause injury confined to the choroid plexus of lateral ventricles and surrounding tissue (31).
Kaur et al (31) reported that the choroid plexus in rats exhibited ultrastructural changes following an open-field blast and that the intercellular spaces between the choroid plexus epithelial cells were greatly widened, coupled with the massive eruption and possible extrusion of the apical cytoplasm into the ventricular lumen. Garman et al (32) observed blood-brain barrier permeability around the circumventricular organs following the blast using the tube-blast injury model. Thus, microwave-induced neurotrauma and blast injury caused injuries in the choroid plexus of lateral ventricles; however, further studies are required for evaluating damage to axons.
Although the present study showed high mortality, it only showed small pathophysiological changes of the brain and the cause of death was unclear. When comparing survival rate and body weight, survival rate decreased parallel to body weight by day 3, but survival rate did not continue to decrease after increasing by day 14. There was no cardiac arrest or respiratory failure immediately following microwave exposure of 3.0 kW.
Microwave-induced neurotraumas are simple and reproducible in animal models of traumatic brain injury. The intensity and time of microwave exposure can be precisely varied.
In conclusion, the present study analyzed the pathological changes in the rat brain following excessive microwave exposure. Apoptotic cells increased in the choroid plexus of the lateral ventricle on day 7 and neural cells decreased in the CA1 by day 28. The effects of microwave exposure on the brain remain unclear; however, microwave-induced neurotrauma shows the same pathological changes as blast traumatic brain injury.
